Materials and Methods

Patient Population
Forty-three patients each harboring a solitary brain tumor and peritumoral edema detected by computerized tomography or MR imaging participated in the study. All patients who were admitted to the neurosurgery service at the University of Niigata during the study period and met the criteria of a solitary tumor and peritumoral edema were prospectively invited to participate in the study. Informed consent was obtained from all patients. Studies were performed according to the human research guidelines of the internal review board of the University of Niigata. Of the 43 cases, 12 were high-grade gliomas, five low-grade gliomas, 11 metastatic brain tumors, and 15 meningiomas. The specific tumor type was determined in all cases through a histopathological examination of surgical specimens. Therefore, the distribution of patients in this study represents a totally unbiased ad hoc situation during the study period of approximately 1 year. The clinical and pathological data obtained in the patients are summarized in Table 1 .
Data Acquisition
A 3-tesla MR imaging system (Signa LX; General Electric Medical Systems, Waukesha, WI) was used to perform all high-field MR imaging studies. Diffusion-weighted images were acquired preoperatively by using a spin-echo echo-planar imaging sequence. The following parameters were used: number of axial slices four; field of view 200 ϫ 200 mm; matrix size 128 ϫ 128; slice thickness 5 mm; interslice gaps 2.5 mm; TR 5 seconds; effective TE 82.7 msec; and eight excitations. The b-value was 500 second/mm 2 for each axis, with seven combinations of motion-probing gradient vectors (0, 0, 0); (1, 0, 1); (Ϫ1, 0, 1); (0, 1, 1); (0, 1, Ϫ1); (1, 1, 0); and (Ϫ1, 1, 0); where (x, y, z) directions corresponded to read-out, phase, and slice. 30 The total imaging time for the acquisition of the entire diffusion imaging data set was 4 minutes, 40 seconds.
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Lambda Chart Analysis
Diffusion tensor data were analyzed by performing an LCA. 27, 35, 36 In addition to the numerical analysis, LCA also allows for a graphic representation of tissue diffusion characteristics. After the three eigenvalues ( 1 , 2 , 3 ) of the apparent diffusion tensor, D app , were obtained, the largest element ( 1 ), called the lambda longitudinal, or L , was plotted against the average of the remaining two eigenvalues ( 2 ϩ 3 )/2, or the lambda transverse T , a process that transforms individual pixels into a lambda chart ( Fig. 1 right) . On a lambda chart, the anisotropic angle was obtained using the equation = arctan ( L / T ), where, by definition, is greater than or equal to /4; = / 4 indicates isotropic diffusion and a greater anisotropy results in a greater value of . Trace (Tr) was determined using the equation Tr = L ϩ 2 T or, equivalently, Tr = r(sin ϩ 2cos), where r is the distance from the origin. Hence, the diagonal line L Ϫ T = 0 ( = /4), represents the isotropic line ( Fig. 1, blue line) , and the isotrace lines ( Fig. 1, red lines) are given by the equation L ϩ 2 T = Tr for a fixed Tr. A detailed discussion of LCA and eigenvalue imaging can be found elsewhere.
27,35,36
Region of Interest and Statistical Analysis
For a pathophysiological analysis of selected areas, a single-region LCA may be more informative. 35 The ROI (5 ϫ 5 pixels) within the peritumoral edema was placed at the center of the longest line drawn between the edge of the Gd-enhanced area (tumor) on T 1 -weighted MR images and the outer rim of the peritumoral hyperintense area (peritumoral edema) on T 2 -weighted images ( Fig. 1 left,  red squares ). An ROI of apparently normal white matter (5 ϫ 5 pixels) was placed in the corresponding white matter of the opposite hemisphere ( Fig. 1 left, green squares ). An analysis of variance with the Scheffé multiple comparison test was used to assess differences in trace values, anisotropic angle, and intensity levels on the T 2 -weighted images. Values are expressed as means Ϯ standard deviations. Probability values less than 0.01 are considered statistically significant.
Results
The LCA distinguished two types of peritumoral edema: edema associated with high-grade gliomas and edema associated with other tumors (low-grade gliomas, metastases, and meningiomas). The diffusion characteristics of each type of edema were also distinguishable from normal white matter. The ROIs of the peritumoral edema and the corresponding contralateral white matter from representative patients are shown on single-region lambda charts in Fig. 1 
FIG. 1. Magnetic resonance images (left)
and corresponding single-region lambda charts (right) depicting diffusion characteristics of peritumoral edema and normal white matter in representative patients. Each point in the charts represents data from a single pixel, 25 plots per ROI (red represents edema and green represents normal white matter). The squares on the T 2 -weighted images indicate the placement of the ROIs within the areas of edema (red) and normal white matter (green). In the charts the blue and red lines represent the isotropic line and isotrace lines, respectively. Note that the ( T , L ) from edema in all patients mapped higher trace values than corresponding white matter in the contralateral hemisphere.
grade gliomas and the two nonglial tumor groups showed an overlap. Normal white matter demonstrated the lowest trace values, plotted in the lower left portion of the chart. On the whole, the peritumoral edema in all four tumor groups had a lower anisotropy than normal white matter, as can be ascertained from the groups' anisotropic angles, arctan ( L / T ), on the lambda chart (Fig. 2) . No significant difference was found in patient age and sex, tumor size, and edema size ( Table 1) .
The statistical analysis confirmed the pictorial-based observations described earlier (Table 2) . Trace values were greatest in the peritumoral edema of high-grade gliomas, intermediate and comparable in the edema of other tumors, and lowest in normal white matter. The anisotropic angles were comparable among all the peritumoral edema groups, even though all had significantly lower values when compared with normal white matter. The signal intensity on T 2 -weighted images was consistently higher in peritumoral edema than in normal white matter; however, the differences were not statistically significant.
Discussion
The LCA differentiated peritumoral edema associated with high-grade gliomas from edema associated with other tumors (low-grade gliomas, metastases, and meningiomas) despite the lack of a signal intensity difference on T 2 -weighted MR imaging between these two edema groups. The high trace values of edema in high-grade gliomas signified greater water molecule motility. By contrast, the apparent diffusion of edema in all tumor groups was similarly isotropic, indicating that anisotropic diffusion, principally intraaxonal diffusion, provided only a limited contribution to the increase in trace values observed in edema of high-grade gliomas. The results indicate that the observed increase in diffusivity in edema of high-grade gliomas may reflect a reduction in the normal glial matrix caused by infiltration of glioma cells into edema spaces.
Our results are in agreement with MR imaging water diffusivity studies on peritumoral edema published in the literature. 3, 20 In one of the studies investigators reported slightly greater, although statistically nonsignificant, water diffusivity, as measured by apparent diffusion coefficients, in the peritumoral edema of a GBM compared with metastatic tumors or meningiomas. 20 In another study in which diffusion tensor analysis was used, investigators reported significantly greater water diffusivity in the peritumoral edema of high-grade gliomas compared with that of meningiomas. 3 On the other hand, in a recent report Lu, et al., 25 reported greater diffusivity, as reflected by greater trace values, in the peritumoral edema of a metastatic tumor than in that of a high-grade glioma. Those authors also found trace values of normal white matter to be much lower than that of the normative data; 16 this contrasts with our results of similar trace values for normal white matter and normative data, casting doubt on the veracity of their results.
Apparent diffusivity in biological tissues is affected by a number of interacting factors 4, 22 that potentially limit the extent of data interpretation. The results of the present study, however, should be taken in the context of known pathophysiological mechanisms of peritumoral edema formation. Two important pathological properties help account for higher trace values observed in high-grade gliomas, namely, an increased extracellular space volume relative to intracellular and intravascular volume, and a reduced obstruction to water diffusivity in the extracellular space. 21 The former is largely dependent on the permeability of the BBB, whereas the latter primarily reflects the integrity of the extracellular matrix.
The normal adult white matter extracellular space consists of a complex extracellular matrix, composed of hyaluronic acid, chondroitin sulfate proteoglycans, myelin, and a glial cell membrane, which restricts the free movement of molecules and particles to within the matrix. 6, 11 Increased permeability in the BBB in tumors allows for water accumulation in the extracellular spaces of white matter, a phenomenon known as vasogenic edema. 10, 15, 19, 29 As long as the extracellular matrix is preserved, however, water and other particulate movement remain confined within the matrix spaces. Pathology studies have demonstrated tumor cell infiltration in edema surrounding high-grade gliomas and preferential cell migration tens of millimeters along white matter fiber tracts; 40 these findings strongly indicate the presence of communicating extracellular spaces in the peritumoral edema. Although the specific mechanism of cell migration along white matter fiber tracts has not been fully elucidated, the invasive tumor cells of high-grade gliomas have been found to destroy the extracellular matrix via proteolytic activity such as urokinase-type plasminogen activator and matrix metalloproteinases. 9, 13, 18, 26, 32, 34, 37, [41] [42] [43] The biochemical activities of infiltrating tumor cells would substantially alter the ultrastructural integrity of the extracellular matrix to create spaces less obstructive to cell migration as well as to water diffusion.
An alternative explanation for the present results is the possibility of greater water permeability associated with high-grade gliomas, because apparent diffusivity has been shown to correlate with extracellular fluid volume in experimentally induced edemas. 21 Indeed, peritumoral edema in all tumor groups exhibited greater trace values than normal white matter in the present study, which is consistent with this possibility. Nevertheless, none of the many functional 2,7, 14,31,33 and ultrastructural 8, 12, 15, 23, 24, 38, 39 investigations have corroborated this mechanism.
Although it remains speculative, we propose that the current observation may reflect the integrity of the physiological extracellular matrix formed by normal glial cells. Accordingly, peritumoral edema may be categorized into at least two histopathologically distinct types of vasogenic edema: pure and mixed. The two types of edema have in common increased water accumulation in the extracellular spaces. In pure vasogenic edema, as seen with low-grade gliomas, metastases, or meningiomas, water accumulates in spaces in the extracellular matrix, which possesses a relatively intact ultrastructure. In mixed vasogenic edema, the edema associated with high-grade gliomas, a second step is operative, namely, breakdown of the extracellular matrix by infiltrating tumor cells. The model accounts for the following observed LCA results: 1) increased diffusivity compared with normal white matter in pure as well as mixed vasogenic edema as a result of water accumulation in the extracellular spaces due to a tumor-related increase in BBB permeability; and 2) the higher diffusivity of mixed vasogenic edema that is associated with a high-grade glioma.
Conclusions
Lambda chart analysis identified two distinct types of peritumoral edema: edema associated with high-grade gliomas and edema associated with low-grade gliomas or nonglial tumors. Apparent water diffusivity was significantly greater in high-grade gliomas, whereas anisotropy in these tumors was comparable to edema of other tumors. The findings indicate that water movement in areas of edema, predominantly in extracellular spaces, was less restricted in high-grade gliomas, a phenomenon that may reflect the destruction of the extracellular matrix ultrastructure by malignant cell infiltration.
